This study employed the panel threshold regression model to test whether the network structure of the patent citation network has a threshold effect on the relationship between patent PageRank and patent value. The results demonstrate that the network structure has a threshold effect on the relationship between patent PageRank and patent value, and there is an optimal interval in the network structure. In the optimal interval, the positive impact of patent PageRank and patent value is at the highest level. Hence, the relationship between patent PageRank and patent value is non-linear.
I. INTRODUCTION
Previous scholars have mostly focused on the study of the factors that affect patent value, such as number of inventors, patent claims, patent citations, patent family size, patent technology scope, and so on [1] , [2] . So far, these patent value indicators have been widely recognized through multiple studies conducted in various fields and perspectives, but these indicators merely took into consideration the effect of patent attributes on patent value and ignored the impact of network structure on patent value. Network structure can be divided into closed and open network structures, and both types of network structure differ in terms of network closure [3] , [4] . Open network structures have low network closure, with a large number of structural holes in the network, and individuals in the network can obtain more information and resources by bridging the relationship of the sparse network density, thereby forming a complementary relationship between information and resources. On the other hand, closed network structures have high network closure, with less structural holes in the network, and the closedness of the network prompts individuals to develop high cohesion and trusting cooperation easily, thereby helping to dig deep in the same technical field [3] , [4] .
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From this, it can be seen that the different characteristics of the two structures may change the relationship between factors and patent value [5] . In other words, the characteristics of the network structure in which a patent is located may have a moderating effect on the relationship between patent value and its influencing factors. Therefore, only considering the factors affecting patent value is incomplete. At the same time, with the application of social network analysis and PageRank algorithms in the field of patents, patent value indicators need to be continuously updated and expanded. Based on existing research, this study introduces the PageRank algorithm to study the effects of patent PageRank on patent value and applies the panel threshold regression model to investigate whether different network structures (open or closed) can change the relationship between patent PageRank and patent value.
II. PATENT PAGERANK AND PATENT VALUE: THE THRESHOLD EFFECT OF STRUCTURAL HOLES
With the PageRank algorithm, the importance of the target web page depends on the links to it from other web pages [6] . The number of such links from other web pages and the importance of the web page itself will affect the ranking (importance) of the target web page. In other words, if a web page is linked by many other web pages, this indicates that the web page is more important, and its PageRank will be VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ higher. Similarly, if a web page with a higher PageRank links to other web pages, the PageRank of the linked pages will also increase. Later, many researchers found that this algorithm is also applicable to social network analysis. Nodes in a social network are similar to web pages, and interconnections between nodes in a network are similar to links between web pages. Therefore, the PageRank algorithm is gradually being applied to various social network research and analyses [7] - [12] . This study applies the PageRank algorithm to the patent citation network, constructs hyperlink relationships similar to those with web pages using relationships between patent citations and calculates the patent PageRank. Based on the above idea, the higher the patent PageRank, the higher the number of patents cited by subsequent patents and the importance of the subsequent patents; the higher the importance of a patent, the higher the value of the patent.
From the entire patent citation network, the impact of network structure on patent value cannot be ignored. Network structure is primarily divided into an open network and a closed network structure. An open network structure forms connection with different groups and can control information flows through a mediating position, thereby gaining more advantages. A closed network structure contains less structural holes and more redundancies but can promote the exchange of information in the network, thereby helping to nurture trusting relationships between internal actors [3] , [4] .
Different network structures have different effects on patent value. In the technological innovation process, an open network structure covers more varying technical fields, enabling the exchange of technology and information between originally unconnected groups or nodes and thereby helping patents to access more heterogeneous information. In other words, in an open network structure, a patent can establish contact with technical fields that are not related to each other and gain more resource advantages by controlling information channels, thereby increasing the value of the patent itself. Meanwhile, a closed network structure is beneficial to the discovery and exploration of specific technical knowledge among inventors and allows them to understand and absorb the strengths and weaknesses of existing technologies further, thereby effectively reducing the risk of new technologies and increasing the value of the patents.
Structural holes and network closure are two aspects of the characteristics of network structure. Hence, this research uses structural holes as an indicator for measuring network structure. The higher the number of structural holes, the more open the network; conversely, the lower the number of structural holes, the more closed the network. The existence of structural holes enables changes in the linear relationship between patent PageRank and patent value, in which the higher the patent PageRank, the higher the patent value. However, this linear relationship may change if the network structure where the patent is located is taken into consideration. Due to the two-sided characteristics of network structure, this study considers that structural holes have a threshold effect on the linear relationship between patent PageRank and patent value. Therefore, this paper argues that the network structure has a threshold effect on the relationship between patent PageRank and patent value.
III. PANEL THRESHOLD REGRESSION MODELS
The different network structures may change the relationship between patent PageRank and patent value. Therefore, this study applied the panel threshold regression model to observe panel data in order to test whether the network structures have influences on relationship between patent PageRank and patent value.
This study applied the panel threshold regression model developed by Hansen [13] to test whether the network structure has a threshold effect on the relationship between patent PageRank and patent value in the LED industry. Assuming the threshold effect with single thresholds is statistically significant, the respective formulas for these models are as follows:
where V it represents patent value, R it denotes patent PageRank, S it -the threshold variable -represents the network structure, and γ denotes the specific estimated threshold. For each firm i and year t. Furthermore, µ i is included in the model specification to reflect fixed individual effects. The error term, ε it , is assumed to be independent and identically distributed with zero mean and finite variance, σ 2 . This means ε it ∼ i.i.d. (0, σ 2 ), where i represents different companies and t represents different periods. T denotes the number of periods, and N , the number of patents. The coefficient of patent PageRank, β, which is the focus of this study, denotes the influence of patent PageRank on patent value. A significantly positive β implies that patent PageRank affect patent value positively, whereas a significantly negative β implies that patent PageRank affect patent value negatively.
IV. METHODOLOGY AND MEASUREMENT A. SAMPLE AND DATA COLLECTION
To verify the threshold effect of network structure on the relationship between patent PageRank and patent value, the PageRank algorithm and the social network analysis were employed to calculate patent PageRank and the network structure in the LED industry. Moreover, the research framework was established by treating the PageRank of a patent as the independent variable, patent value as the dependent variable, and structural holes as the threshold variable to investigate the threshold effect of network structure on patent value. The data on LED patents used in this study were derived from the Thomson Innovation database. After determining the keywords for searching LED patents searches are made in the database for patents up to May 2011.
Finally, 4,823 patents remained, which were then used for establishing a patent citation network. Patents involved in lawsuits were selected as the criteria for selecting patents with value for analysis from the 4,823 patents mentioned above. This is because many scholars have previously demonstrated that there is a clear positive relationship between patents involved in lawsuits and patent value [14] - [19] . At the same time, in order to establish a comparative relationship with patents of value, this study adopts a 1:2 ratio for sample selection, i.e., one patent involved in a lawsuit corresponds to two patents that are not involved in lawsuits.
Based on the reasons above, the ligation situation of the LED patents in the Westlaw Next database was examined, and 88 patents were found to be involved in lawsuits up to April 2017. This study took the time period from 2004 to 2010 since 88 litigation patent applications were filed from this period. By performing a screening using the three above indicators, 176 patents that were not involved in lawsuits are found to match the criteria for patents involved in lawsuits and were included in the scope of this study. Therefore, the final number of patents included in the samples of this study was 264 patents.
As the panel threshold regression model was employed in this study, the panel data of 264 patents from 2004 to 2010 were selected for regression analysis. The advantages of using panel data are as follows. Panel data cover more information and thus can reduce the problem of collinearity that exists between variables effectively. Additionally, panel data facilitate the analysis of dynamic adjustment and the control of individual heterogeneity.
B. MEASUREMENT
The definitions and measurements of the variables were further defined as follows.
Dependent variable: Patent value (V it ): This study adopted the number of forward citations for a patent, as a proxy variable for patent value [20] , [21] .
Independent variables: Patent PageRank (R it ): PageRank algorithm: Using a patent as a node, the citation relationships between patents are comparable to link relationships between web pages. Thus, a patent citation network was constructed, in which the number of outlinks for a patent refers to the number of prior patents cited by the patent, and the number of inlinks for a patent refers to the number of other subsequent patents citing the patent. While calculating PageRank, a recursive formula has to be constructed, and iterative calculations have to be performed until the result finally converges and approaches a certain stable value, where this convergence value is PageRank. As a result, the formula for calculating patent PageRank is as follows:
where n is the total number of patents, L(p j ) is the number of backward citations made by patent j, and d is the damping factor, which was set to 0.5 is the best choice in citation networks. From this, patent PageRank can be seen that a patent is important if it is cited by other important patents. Threshold variable: Network structure (S it ): this study uses effect size (E it ) as a proxy variable for network structure, in which the larger the effect size, the higher the number of structural holes in the network. Conversely, the smaller the effect size, the lower the number of structural holes in the network. Effect size is as follows:
where j represents all patents connected to i and q represents the patents except for i and j; p iq m jq represents the redundancy between patent i and j, and p iq represents the proportion of the relationship input from patent i to q.
V. RESULTS
The descriptive statistics and Pearson's correlation matrix of this study were showed in Table 1 . The result of the Pearson's correlation matrix showed that there was significantly positive correlations among patent value and effect size. However, the shows that the patent value has significantly negative correlated with patent PageRank. Moreover, Table 3 shows that the correlation coefficient (0.06) between the patent PageRank and effect size, there is no multiple collinearity among independent variables. In order to avoid spurious regressions that the variables in the model be stationary. First, we performed the unit root test, we adopt the Augmented Dickey-Fuller (ADF) test [22] and Phillips-Perron test [23] . The results of the stationary test in Table 2 , it is clearer that the variables in this study have no unit root. In addition, we used Durbin-Watson test [24] for panel data to test the autocorrelation of the residuals. The Durbin-Watson statistic d P is 2.14 which is more than d PU = 1.83 (p-value<0.05), it means that the residuals are not positively autocorrelated. Besides, 4-d P = 1.86 is more than d PU = 1.83 (p-value<0.05), and it means that the residuals are not negatively autocorrelated. This study utilized the bootstrap method to obtain the approximations of the F-statistics and calculate the p-values. The bootstrap method was repeated 2000 times for each of the three panel threshold tests. Table 3 presents the empirical results of the tests for single, double, and triple threshold effects. Further, it shows the F-statistics of the single, double, and triple thresholds of the effect size. The statistics F1, F2, and F3 are 112.51, 18.49, and 9.13, respectively.
The results of the test for single, double, and triple thresholds were all significant, indicating that the threshold variable, the effect size, has a triple threshold effect on the relationship between patent PageRank and patent value. The estimates of the three thresholds were 45, 53.68, and 75.55, respectively, (see Table 3 ). These three thresholds divide the range of the effect size into four regimes, which are referred to as the first, second, third, and fourth regimes in this study.
As illustrated in Table 4 , there are 1312 patents in the first regime (where the effect size is less than or equal to 45), there are 20 patents in the second regime (where the effect size is more than 45 and less than or equal to 53.68), there are 27 patents in the third regime (where the effect size is more than 53.68 and less than or equal to 75.55), and there are 489 patents in the fourth regime (where the effect size is more than 75.55), the estimates of the slope coefficients,β 1 are significantly negative,β 2 ,β 3 , andβ 4 , are significantly positive. These results indicate that patent PageRank and patent value have a U-shaped relationship in these regimes. Furthermore, this study found that the fourth regime (where the effect size is more than 75.55 is optimal, because this is where the extent of the positive relationship between patent PageRank and patent value is the highest. Therefore, the patent citation network structure has a triple-threshold effect on the relationship between patent PageRank and patent value.
Moreover, this study has a threshold effect on the relationship between patent PageRank and patent value, and there is an optimal interval in the effect size. In the optimal interval, the positive impact of patent PageRank and patent value is at the highest level. Hence, the relationship between patent PageRank and patent value is non-linear. Furthermore, we performed Diebold-Mariano test to validate the robustness of the model. 
VI. CONCLUSION AND DISCUSSION
This study employed the panel threshold regression model to test whether network structure has a threshold effect on the relationship between patent PageRank and patent value. The conclusions are as follows:
The patent citation network structure has a triple-threshold effect on the relationship between patent PageRank and patent value. The patent citation network structure is divided into an open network structure and a closed network structure. The former has more structural holes and can promote more exchanges of heterogeneous information, while the latter has less structural holes, and there are more redundancies in the network but can access more information and resources in the field at the same time. Using a panel threshold regression analysis, this study uses effect size as a proxy variable for structural holes, in which the larger the effect size, the more open the network, and the higher the number of structural holes in the network. Conversely, the smaller the effect size, the more closed the network, and the lower the number of structural holes in the network. Therefore, the results of this study demonstrate that with the increase in effect size, the number of structural holes in the network increases and the network becomes more open. At this moment, as the open network structure covers more varying technical fields, it enables the exchange of technology and information between originally unconnected groups or nodes, which helps patents to access more heterogeneous information. In other words, in the open network structure, patents can establish contact with technical fields that are not related to each other, and obtain more resource advantages by controlling information channels, thereby enhancing the positive relationship between patent PageRank and patent value. Specifically, the network structure of the patent citation network has a threshold effect on the relationship between patent PageRank and patent value, and there is an optimal interval in the network structure. In the optimal interval, the positive impact of patent PageRank and patent value is at the highest level. Hence, the relationship between patent PageRank and patent value is non-linear.
Finally, this study uses a brand-new indicator for assessing patent value -patent PageRank, which not only improves the existing patent valuation system but also helps companies evaluate patents from a new perspective. Patent PageRank fully considers all the previous citation relationships with a patent through multiple iterative calculations, so it considers the historical information of a patent, which is more comprehensive. Therefore, companies can use the PageRank algorithm to calculate their patent PageRank and make comparisons with other patents in the same technical field. Top-ranked patents should also be protected to prevent abuse by third parties. Companies can also reference topranked patents in the relevant technical fields and analyze the technology behind these patents to improve their own patented technologies.
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